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and prevents significant build-up of cake.
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Figure 4-3. Sectional view of porous tube held in compression between two 4-3
endcaps.

Figure 5-1. Plots of mass % of clay in the thickened discharge slurry as a function 5-7
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by mass. The data is for a slurry of pH of 7.62 and rod diameter of 0 inches (i.e. no
rod).
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Figure 5-3. Plots of mass % of clay in the thickened discharge slurry as a function 5-9
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Figure 5-4. Plots of mass % of clay in the thickened discharge slurry as a function 5-10
of residence time and applied pressure for inlet slurry concentrations of 1 and 3 %
by mass. The data is for a slurry of pH of 7.62 and rod diameter of 1/2 inches.

Figure 5-5. Plots of mass % of clay in the thickened discharge slurry as a function 5-11
of residence time and applied pressure for inlet slurry concentrations of 1 and 3 %
by mass. The data is for a slurry of pH of 8.2 and rod diameter of 0 inches (i.e. no
rod).
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SECTION 1

EXECUTIVE SUMMARY

In this work a periodic pressure filtration process is evaluated to determine (1) if
the process can be used to thicken clay slurries, and (2) to obtain an order of magnitude
cost estimate of the process for comparison with other thickening processes.

Current environmental clean-up operations, such as soil washing, result in large
volumes of dilute slurries that must be filtered to remove the particles. The soil particles
collected during the filtration, if clean, can be returned to the ground. One step in the
dewatering and filtering process is thickening the slurry before filtering. The periodic
pressure filtration process is one possible process for thickening clay slurries but no
performance data is available for evaluating the process.

In this work a one-tube periodic pressure filter process is evaluated by measuring
the thickened slurry discharge and filtrate rate while varying the design and operating
parameters.

The experimental results show that the process does thicken the slurries of 1 to 3%
inlet mass concentration to about 30 to 40 % mass concentration. Using this performance
data the cost estimate shows that scale-up of the process to a bank of tubes would be
much more expensive than the cost of a typical gravity thickener. Hence, the periodic
pressure filter should only be used for materials that do not settle well or if the size of the
gravity thickener is excessively large.
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SECTION 2

INTRODUCTION

2.1 PROBLEM STATEMENT

Increasingly, water treatment systems are being called upon to produce effluents of
substantially higher quality. One of the major objectives of water treatment is the removal
of fine particles. The purpose of this work is to evaluate the proof of concept of using a
porous tubular filter in periodic pressure driven flow to thicken dilute clay slurries.

2.2 TECHNOLOGICAL SIGNIFICANCE

Micron and sub micron particles frequently occur by accident or by design in many
fluid process streams. When these particles are hazardous materials it becomes especially
important to remove them to prevent contamination of the environment. For example, the
production of explosives at Army ammunition plants can result in fine particles of 2,4,6-
trinitrotoluene (TNT), hexahydro- 1,3,5-trinitro- 1,3,5-triazine (RDX), and octahydro-
1,3,5,7-tetrazocine (HMX) in waste streams. The removal of the particles from these
waste streams normally requires multiple stages of filters, thickeners, and/or settlers1 .

As another example, the washing of soils to remove contaminants also produces
waste streams that contain wide ranges of particle sizes. Multiple stages of filters and
solid/liquid separators are again required to produce a wash water that can be reused or
returned to the environment and to reconstitute the soil so that it may be returned to the
ground2 .

The cost of separating particles from liquids vary widely depending on the
materials and the type of equipment. As a generalization, two of the most significant
factors are the total volume of slurry to be filtered and the manpower or labor required to
operate the process. Filter presses, centrifuges, and other filtering devices can be
automated to reduce labor costs 3,4 but at a significantly increased capital cost. Settling
ponds may be the least labor intensive to operate, but the trade off is the size required for
the ponds and the periodic dredging that is required. In each of these cases, the processes
can benefit by a reduced volume of slurry.

Slurries can be thickened such as by a continuous gravity thickener 3,4, by
continuous cross flow filtration through a porous membrane tube4, or by a periodic
pressurized filtration flow through a porous tube as applied in this work.5 The periodic
pressure flow device can potentially thicken the slurry to greater concentrations than the
cross flow filter but requires more expensive control valves. The continuous gravity
settler may thicken the slurry to greater concentrations than the periodic pressure flow
device but mechanically it is much more complex due to rotating rakes.
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2.3 SCOPE OF THE WORK

The project duration of this work was limited to one year to prove the concept of
periodic pressure flow in a porous tube for thickening clay slurries. The work includes
designing and setting up an experimental apparatus to test the concept and to obtain
experimental data.

Ultimately, the apparatus could be used for dewatering slurries such as from soil
washing processes. An order of magnitude cost estimate for scale-up is included in this
work to provide a basis from which to compare designs.

Given the time constraint on the project duration, experiments were limited to
varying only selected parameters. The meaning of these parameters are explained further
in the experimental setup in Section 4. These parameters include:

"* Applied pressure
"* pH of the water
"* Residence time in the tube
"* Annular space within the tube.
"* Inlet slurry concentration

There are many other parameters that also could have been varied, but the above
are sufficient to prove the concept. Parameters held constant are:

"* One type of clay (Kaolin)
"* Discharge time
"* Porous tube material (polypropylene)
"* Temperature
"* Liquid phase (water)
"* Tube length
"* Tube diameter

Any future work with this apparatus should evaluate the effects of varying these latter
quantities. In particular, experiments should be conducted on actual washed soils.

2.4 SUMMARY OF RESULTS

Experiments were run on dilute clay slurries of 1 and 3% mass concentrations.
The thickened slurry concentrations ranged from 7 to over 90 % by mass in the
experiments. Most commonly the thickened slurry discharge concentration was in the
range of 30 to 40 % by mass. The differences in performances between the two inlet
slurry concentrations were not significant for the most part.

The thickened discharge concentration increased slightly with applied pressure and
residence time in the tube indicating a weak functional dependence. Slurry with a pH of
about 7.62 (tap water) produced better results than a slurry with a pH of 8.2.
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The most concentrated discharge was obtained with the 1/4 inch diameter
aluminum rod in the tube, however for the best filtrate rate no rod should be used.

The cost estimate for scale up to a bank of tubes is based upon the cost of the
materials and equipment to operate the one-tube experiment. The requirement of two
solenoid valves per tube contributes the most to the cost of the process. Using typical rate
data from the experiments about 16 tubes are needed to produce about one ton of
thickened slurry per day. The cost of materials and equipment for this process is about
$8000.

By comparison, a gravity thickener can be expected to cost from $600 to $4000.
This shows that the periodic pressure filtration process is much more expensive than the
typical gravity thickener. The periodic pressure filtration should only be used in cases in
which particles do not settle or the size of the gravity thickener is excessively large.
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SECTION 3

COMPARISON OF FILTRATION PROCESSES

The periodic pressure filtration that is the subject of this work has similarities with
the more common dead-end filtration (i.e. cake filtration), cross-flow filtration, and the
not-so-common dual-functional filtration. Brief descriptions for each of these filtration
processes are given in this section for comparison with the periodic pressure filtration
process. More extensive descriptions of the processes are available in the cited literature.

Initially, the proposed work was to evaluate the use of the dual-functional filter for
thickening clay slurries. However, during testing it became clear that the thickening of
clay slurries does not need to be limited to very thin cakes on the tube walls as required by
the dual-functional filter. As a result, the process was modified to the periodic pressure
filtration.

3.1 DEAD-END FILTRATION

Dead-end filtration is the commonly applied to form filter cakes. In cake filtration,
particles are deposited on the surface of a relatively thin permeable filter medium by the
principle of screening. As soon as the initial layer of cake forms on the surface, the
deposition of particles occurs on the surface of the cake and the medium acts as a support.
The fluid flow is through the cake and the medium. As the cake builds up the resistance to
fluid flow increases and this requires a greater applied pressure drop to maintain the flow.

As shown in Figure 3-1, the cake continually builds up over time normal to the
medium surface. Unless the cake growth is limited by some artificial means, the resistance
continues to increase over time as the cake depth increases until the flow decreases to very
low rates. If the particles are very small then a small cake thickness can produce a large
resistance which makes thick cakes impractical.

After the cake is formed and the process is stopped, then the cake must be
removed. This is done, for example, by opening up a filter press and letting the cake fall
off of the medium or by scraping the cake off.

In most cases when a "dry" cake with high solids concentration is desired, a dead-
end filtration is used. The feed concentration of the inlet slurry has a profound effect on
the cycle time and production rate of the filter and pre thickening can be of great benefit.
The effect of slurry concentration on solids yield can be easily demonstrated using the
following equation derived in appendix I of Svarovsky9 (neglecting medium resistance):

S(2APfc J

where AP is the pressure drop, c is the feed solids concentration, a is the specific cake

resistance, ý, is the liquid viscosity, Y is the solids yield (dry cake production in kg/m2 /s), f
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is the ratio of the filtration to cycle time, and tc is the cycle time. For the same cycle time,
if the concentration is increased by a factor of four, production capacity is doubled. In
other words, filtration area can be halved for the same capacity.

One additional benefit of pre thickening is the reduction in cake resistance. If the
feed concentration is low, there is a general tendency of particles to pack together more
tightly, thus leading to higher resistance to flow. However, with thicker concentrations
many particles approach the filter medium at the same time. They may bridge over the
pores which reduces the particle penetration and a more permeable cake is formed.

CAKE
--- MEDIUM

SLURRY FILTRATE
IN LET OUTLETINLET

Figure 3-1. Dead-end filtration in which particles are stopped by the screening them out
of the slurry. The filtrate can be discarded or sent to another tank for storage.

3.2 CROSS-FLOW FILTRATION

One method of pre thickening the slurry is the cross flow method 3 ,4,6,7,8 in which
the slurry flows at a high velocity parallel to the surface of the filter medium. This is
shown in Figure 3-2 which represents a cross-section of a rectangular or tubular
membrane. By this means the cake is prevented from forming during the early stages of
the filtration. This can be particularly beneficial when the slurry is flocculated and exhibits
shear-thinning non-Newtonian properties.

The slurry is recirculated through the cross flow filter and back to the supply tank
as shown in Figure 3-3. Typical recirculation rates may be 10 to 20 times the filtrate rate.
In cases where a dilute solution containing small quantities of solids which tend to blind
the filter cloth is to be filtered, cross-flow filtration is extensively used. It is the normal
mode of operation for ultrafiltration using membranes.

Some advantages of cross-flow filtration over the conventional dead-end filtration
are:

1. A higher overall liquid removal rate is achieved by prevention of the formation
of an extensive filter cake.

2. The process feed remains in the form of a mobile slurry suitable for further
processing.

3. The solids content of the product slurry may be varied over a wide range.
4. It may be possible to fractionate particles of different sizes.
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The flow diagram shown in Figure 2-3 is one likely to be used for batch
processing; it is in essence a basic pump recirculation loop. The process feed is
concentrated by pumping it from the tank and across the filter membrane. The partially
concentrated slurry exiting the membrane is recycled back to the tank for further
processing while the filtrate is stored or discarded as required.

In practice, the filtrate rate falls with time due to membrane fouling. The fouling
occurs as particles block the pores in the membrane surface. The rate of fouling depends
upon the materials being processed, the membrane used as the filter medium, the cross
flow velocity, and the applied pressure.

Eventually, the slurry concentration builds up until the high velocity for cross flow
cannot be maintained. The filtration is stopped before the cake build up in the filter makes
cake removal difficult.

FILTRATE POROUS

WALL

PROCESS THICKENED
SLURRY I SLURRY
INLET OUTLET

Figure 3-2. Cross-Flow filtration. The slurry flows parallel to the filter medium and
prevents significant build-up of cake.

CROSS FLOW FILTERV THICKENED SLURRY

i / I~~FILTRATE FO EE

SLURRY I0 FLOW METERTSLURKRY[•[ ,•

TAN K

VARIABLE HEAT
SPEED EXCHANGER
PUMP

Figure 3-3. Flow diagram for a simple cross-flow filtration process. As the slurry passes
through the cross flow filter the solids concentration increases. The slurry is recycled back
to the slurry supply tank where the total slurry supply concentration gradually increases.
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3.3 DUAL-FUNCTIONAL FILTER

The dual-functional filter makes use of filtration and settling to thicken the slurry. 5

As shown in Figure 3-4, the filtration occurs in a long tube in which a thin cake is formed
on the inside of the tube walls. The thin cake and slurry are discharged from the tube into
a receiving vessel where the cake settles to the bottom and the liquid is decanted.

The filtration cycle has three phases: a filtration phase, a dump phase, and a
settling phase. The filtration phase starts with the introduction of slurry at the top of the
long tube and the valve closed at the bottom of the tube. The filter cake forms on the
interior wall of the tube and filtrate passes through the porous walls of the tube to be
collected on the outside. The filtration phase stops before the cake fills the inside of the
tube. The method of filtration is largely dead-end, though in the tube near the slurry inlet
the flow rate may initially be large enough for the filtration to be cross-flow.

The dump phase of the cycle starts by closing the feed valve at the top of the tube
and opening the discharge valve at the bottom. The resulting pressure release causes the
cake and feed slurry in the vertical tube to dump into the receiving vessel. The discharged
material consists of cake and a dilute slurry; the cake material does not completely
redisperse into the slurry.

COMPRESSED
_ _ _AIR

PRESSURIZED SUPPLY

TANK

FEED CONTROL VALVE
MIXING
TANK FILTERING

TUBE
[ DISCHARGEVALVEi I

VAVEG ELT8 
FILTRATE

S__ __ TANK

SETTLER

CONCENTRATE DECANTED
OUTLET LIQUID

TANK

Figure 3-4. Dual-functional filter flow diagram.

The settling phase occurs in the receiving vessel. The cake material readily settles
out of the discharge mixture from the tube. The liquid at the top of the settler contains
some particles and can be recycled for filtering again.

The dual-functional filter has several process advantages:

1. The rapid cycle of the process produces high filtration rates because the cake does
not accumulate to large thickness on the wall.
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2. There is no mechanical device required to remove the cake from the walls of the
tube.

3. The combination of filtration and settling provides a high degree of thickening of
the sludge.

4. Filter aid is usually not needed.
5. The process is mechanically simple and is not labor intensive.

Henry et.al. 5 tested the dual-functional filter on neutralized acid mine drainage
water and observed thickening of the slurry from 0.2% by weight of solids at the feed inlet
to 35% weight of solids after decanting. They also developed a model for predicting the
cake build-up on the inside of the tube and the overall filter performance.

3.4 PERIODIC PRESSURE FILTRATION

Periodic pressure filtration is very similar to the dual-functional filter except that
the tube is much shorter and near the bottom of the tube the cake is allowed to fill the tube
as shown in Figure 3-5. As a result concentrated slurries are possible without the need for
the settler shown in Figure 3-4 though a settler could be used if further thickening is
desired.

(a) (b)

,:SLURRY ,.

POROUS
L; TUBE

-, WALL SOLID 7-
ROD

-- CAKE

- P~

Figure 3-5. Periodic pressure filtration forms a cake on the inside tube wall. As shown in
(a) the filter cake forms on the wall and the slurry occupies the center of the tube. Near
the tube exit at the bottom of the tube the cake fills the inside cross-section of the tube. In
(b) a solid rod is placed in the center of the tube to reduce the volume occupied by the
slurry.
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The exiting slurry concentration depends largely upon the relative volumes of cake
and slurry within the tube. One obvious way of reducing the ratio of slurry volume to
cake volume is to reduce the space available for the slurry. This is done by inserting a
solid rod within the tube, as shown in Figure 3-5. As a result, the cake forms within the
annular space. There is a trade-off in designing the filter this way, while the exiting slurry
may be more concentrated, if the annular space is made too small the cake will not readily
eject from the tube.

Using a set-up similar to that in Figure 3-4 for the dual-functional filter, the
periodic pressure filter has a feed inlet valve and discharge valve which control the
operation. When the inlet valve is open and the discharge valve is closed the slurry enters
the tube and cake forms on the walls. When the feed valve is closed and the discharge
valve is open the pressure within the tube and gravity cause the cake to flow downward.

Some techniques could be applied to enhance the operation but were not
attempted in this current work. These include:

"* Apply air pressure at the top of the tube to force more of the cake out of the
tube at the discharge part of the cycle.

"* Apply a back pressure of air from the outside of the tube inward to dislodge
the cake from the walls of the tube.

"* Efflux time for cake discharge can be varied to find an optimum.

Currently, there is no theory for predicting the performance of a periodic pressure
filtration. Qualitatively the periodic pressure filtration should work for it has many
similarities with existing filter processes. Like the dual-functional filter, it is largely a
dead-end filtration with possible cross-flow filtration occurring early in the filtration cycle
near the feed inlet. Proving that it does work on clay slurries is the subject of the
experimental portion of this report.
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SECTION 4

EXPERIMENTAL SETUP AND PROCEDURES

In this section the experimental setup and procedures are discussed on how the
experiments were run. The experiments were designed to investigate the effects of
varying the applied pressure, pH of the water, solid rod diameter, residence time in the
tube for the filtration part of the cycle, and inlet slurry concentration. Details on the
specific experiments and the results are in Section 5.

4.1 EXPERIMENTAL SETUP

The experimental setup is shown in Figure 4-1. The slurry is prepared in the
mixing tank and then is pumped into the pressurized tank for the filtration. Air pressure
provides the applied pressure driving force for the filtration. The slurry exits the
pressurized tank and passes through a pump which circulates the slurry back into the
pressurized tank. This circulation keeps the slurry well suspended in the pipe lines during
the experiments.

Part of the slurry is diverted into the filtering tube when the feed inlet valve is
open. The cake forms in the tube and the filtrate passes through the tube wall and is
collected in the filtrate tank. At the end of the residence time in the tube the feed valve
closes and the discharge valve opens. The cake and slurry in the tube is dumped into the
thickened slurry tank.

APPLIED AIR PRESSURE

®,DFEED INLET VALVE

liFILTERING TUBE

SIZ[_•I• m----i•ILTRATE TN

MIXING THICKENED DISCHARGE VALVE
TANK SLURRY

TANK

Figure 4-1. Experimental setup for periodic pressure filtration.
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The slurry concentration is determined by collecting a sample of the slurry from a
sampling valve as it exits the pump and cycles back to the pressurized tank. The pressure
is measured directly from a gauge in the slurry feed line. The mass of filtrate and mass of
thickened slurry are measured with a weighing scale.

The operation of the filter is controlled by the feed inlet valve and the discharge
valve. These valves must be synchronized to keep dilute slurry from passing through the
filtering tube and into the thickened slurry tank. Solenoid valves were chosen for this
purpose because they can be controlled by electrical signals, which in turn are controlled
by a computer (not shown in Figure 4-1).

The solenoid valves used in the experiments are nominal 1/2 inch pipe size valves,
number Hayward 120 volt 19 watt solenoid valves supplied by Corro-Flo Engineering in
Westerville, Ohio. The filtering tube is made of porous polypropylene (approximate pore
size of 2 microns according to supplier) manufactured by General Polymeric Corporation,
Reading, PA. The tube is 32 inches long, 2 inches outside diameter and 1 inch inside
diameter.

The solid rods used in the experiments are made of aluminum. The rods and tube
are machined with a support bracket so that the rod hung straight down in the tube and is
supported only from the top. The support bracket has holes in it that allows the dilute
slurry to pass through. This is shown in Figure 4-2. The rod is supported only from the
top to minimize interference of the cake discharge by the rod.

SUPPORT BRACKET

POROUS
TUBE
WALLSSOLID WL

ROD

Figure 4-2. Machined support bracket holds aluminum rod in the center of the filtering
tube. A screw in the center of the bracket holds the rod in place. The bracket is a circular
disk with holes drilled into it (not shown) for the slurry to flow through. The bracket is
slightly larger in diameter than the inside diameter of the filtering tube. A notch is
machined into the filtering tube at the top to receive the support bracket.
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The polyethylene walls of the filtering tube are a relatively soft material that may
not hold up well to machine threads. Instead of threading the ends of the tube to attach to
the pipes, upper and lower endcaps were machined to hold the tube in compression. This
is shown in Figure 4-3. The endcaps are made of transparent Plexiglas that are machined
to hold the tube and a rubber gasket. The endcaps hold the polyethylene tube in
compression through four 5/16 inch threaded rods that are spaced around the tube.
Filtrate passing through the walls of the porous tube is collected in a large Plexiglas tube
mounted onto the lower endcap. The filtrate then passes through a fitting and into a 1/2
inch pipe which carries it to the filtrate collection tank.

SLURRY
INLET RUBBER GASKET

UPPER
ENDCAP

POROUS TUBE

THREADED ROD

LARGE DIAMETER
TUBE FOR
COLLECTING

LOWER . FILTRATE
ENDCAP

FILTRATE OUTLET THICKENED SLURRY OUTLET

Figure 4-3. Sectional view of porous tube held in compression between two endcaps.
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4.2 PROCEDURES

The general procedures for the experiments are described here. About 70 liters of
slurry is prepared by mixing kaolin clay (supplied by the Charles B. Crystal Co., New
York, NY) with tap water in the mixing tank in Figure 4-1. Any additives to control the
pH are also added at this time. Sulfuric acid, H2 S0 4 , is used to lower the pH and sodium
hydroxide, NaOH, is used to raise the pH in the experiments. The slurry mixture is mixed
for about 1 hour in the mixing tank and then it is pumped into the pressurized tank.

In the pressurized tank the air pressure is raised to the experimental setpoint and
the slurry is agitated with an impeller. The slurry is pumped through the pipe line past the
filter and back into the pressurized tank for about an hour to ensure thorough mixing.
Samples of the slurry are removed through a sampling valve and analyzed for the actual
pH and slurry concentration. This sampling is done to account for any residual materials
that may have been left in the system from a previous experiment.

Control of the experiment is turned over to the computer which opens and closes
the feed inlet valve and the discharge valve. First the feed inlet valve is opened to allow
slurry to enter the filter tube. After a specified residence time the feed inlet valve is closed
and the discharge valve is opened. In all of the experiments the discharge valve was
opened for 15 seconds while the residence time was varied in the experiments.

Initially the filtering tube is filled with air. This air must be displaced and cake
formed on the walls before any meaningful measurements can be recorded. It was found
that by holding the first cycle residence time to at least 4 minutes that the cake was
adequately formed and thickened slurry measurements were reproducible after the second
or third cycle.

The thickened slurry discharge concentration is determined by collecting the slurry
in a small container. The mass of the slurry is determined by weighing, the slurry is dried
in an oven, and the particle mass is weighed. The ratio of the weights gives the thickened
slurry solids mass concentration.

After the slurry is collected for determining the concentration for a particular
residence time or applied pressure, the residence time or applied pressure are changed for
the next experiment. The measurement process is repeated. Including the back-to-back
experiments the filtration was repeatedly operated for 1.5 to 2 continuous hours without
any adverse affects.

To change the slurry concentration or the pH, it requires a complete change of the
slurry in the tank and pipe system. The entire apparatus is rinsed out 5 times with tap
water before loading in the new slurry.

The results of the experiments are in the next section.
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SECTION 5

EXPERIMENTAL RESULTS AND DISCUSSION

5.1 EXPERIMENTAL RESULTS

The experimental results are tabulated in Table 5-1. A total of 117 experimental
measurements were made by varying the applied pressure, pH, rod diameter, residence
time, and slurry concentration. These parameters could have been varied over wider
ranges and other parameters also could have been varied but the experiments that were
run are sufficient to prove the concept. The values that are listed in Table 5-1 are the
operating conditions for the experiments and the measured values.

The column in Table 5-1 with the heading "Thickened Mass" is the mass of the
thickened slurry discharged from the tube in one cycle, the heading "Discharge Mass %" is
the mass percent of clay in the sample of thickened slurry for that experiment after several
cycles. The "Filtrate Mass" heading is the total mass of water that passed through the
tube wall during the residence time when the cake was forming in the tube.

Only one experiment was attempted with an acidic solution (pH of about 6.5). In
this experiment the filtrate rate was very slow. When the process switched to the
discharge part of the cycle the cake and slurry blew out of the bottom of the tube under
high pressure. Because of this the thickened slurry concentration could not be measured.
It is suspected that under basic conditions the clay particles may flocculate, forming larger
particles that are easier to filter. Under acidic conditions the individual clay particles do
not flocculate and these particles may plug the pores in the tubes. This is consistent with
similar observations reported in literature1 0 on the behavior of clay particles.

Data points are taken from Table 5-1 and plotted for discussion in the next section.
Some general observations are listed here on the conduct of the experiments:

1. Experiments were run back-to-back with the filter running continuously over
periods of 1.5 to 2 hours without the tube becoming clogged.

2. When experiments were stopped, the tube had to be rinsed. Otherwise the cake
hardened within the tube and had to be manually removed (usually by striking the
outside tube wall).

3. In all cases the cake was viscous and stuck to the tube walls. However, during the
operation of the filter the pressure within the tube and gravity were sufficient to
make the cake flow downward and out of the discharge valve.

4. The 15 seconds discharge time was not long enough to discharge all of the cake
from the tube.

5. The clay mixed very well with the water in the mixing tank. The agitator kept the
clay particles well suspended in the tank. The slurry concentrations of 1 and 3 %
by mass of clay were dilute enough that no pumping problems occurred.

6. No problems were observed with the solenoid valves in opening or closing on the
thickened slurry.
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7. It was observed that the solenoid valves became hot when operated for long
periods of time. However, the temperature was within the specified manufacture
limits.

8. The clay readily sticks to the aluminum rods when the rods were inserted into the
tubes.

9. Since the aluminum rods were attached only at the top of the tube there is a
possibility that the rod did not stay coaxial with the filter tube. Observations at the
end of the experiments when the tube and rod were disassembled indicate that this
was not a problem.

Table 5-1. List of experimental parameter values and measured values.

1. 15 7.62 1 0 1 32.83 15.68 384.57

6. 15 7.62 3 0 1 46.08 13.72 618.94

7. 15 7.62 5 0 1 60.07 14.33 1144.97

8. 20 7.62 1 0 , 1 34.10 22.40 439.12

9. 25 7.62 3 0 1 38.37 18.80 847.45

1. 20 7.62 5 0 1 58.32 31.77 1190.16

7. 125 7.62 3 0 1 41.56 25.43 474.42

1. 25 7.62 3 0 1 55.44 20.32 850.39
9. 25 7.6 5 ! 0 1 67.07 41.70 1221.32
0. 15 7.6 1 i 0 3 14.21 6.190 264.30
1. 15 7.62 3 0 3 12.56 12.84 551.87

1. 15 7.6 5 , 0 3 16.63 23.05 752.46

13. 15 7.62 7 0 3 15.16 22.90 1182.74

14. 20 7.62 1 0 3 23.21 25.03 373.55

15. 20 7.62 3 0 3 28.11 31.37 709.69

16. 20 7.62 5 0 3 47.31 49.24 1110.10

17. 20 7.62 7 0 3 53.82 52.17 1322.22

18. 25 7.62 1 0 3 35.30 22.40 417.95

19. 25 7.62 3 0 3 55.69 22.03 670.35

20. 25 7.62 5 0 3 35.64 19.02 1178.10

21. 25 7.62 7 0 3 45.38 19.87 1406.98

22. 15 7.62 1 1/8 1 43.77 14.40 151.40

23. 15 7.62 3 1/8 1 38.53 10.14 394.00

24 15 7.62 5 1/8 1 36.47 - 544.10

25. 15 7.62 7 1/8 1 37.99 14.50 808.80

26. 20 7.62 1 1/8 1 41.14 19.95 311.50

27. 20 7.62 3 1/8 1 34.22 20.95 618.80

28. 20 7.62 5 1/8 1 40.25 23.42 924.60

29. 20 7.62 7 1/8 1 1 47.43 25.06 1178.80

30. 25 7.62 1 1/8 1 30.28 32.39 343.50
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31._ 25_ 7.62 ___3 1/8 3 36.496 14.62 513.80

36. 15 7.62 5 1/8 3 413.40 44.77 755.40
37. 15 7.62 7 1/8 3 38.40 18.48 8286.700
38. 20 7.62 1 1/8 3 22.30 26.45 220.50
39. 20 7.62 3 1/8 3 35.11 1.27.913.82.0
40. 20 7.62 5 1/8 3 138.401 25.81 709.30
41. 20 7.62 7 1/8 3 32.30 22.91 7281.100
42. 25 7.62 1 1 1/8 3 39.96 21.62 2208.20
439. 25 7.62 3 1/8 3 36.19 24.915 382930
44. 25 7.62 5 1/8 3 38.39 23.73 484.40
41. 25 7.62 7 1/8 3 432.930 20.46 739.90
46. 15 7.62 1 1/4 1 20.596 31.49 355.50
47. 15 7.62 3 1/4 3 131.819 24.498 669.40
48. 15 7.62 5 1/4 3_ 131.33 83.02 1021.30
49. 15 7.62 7 1/4 1 154.938 15.46 1355.90
50. 20 7.62 1 1/4 1 28.74 3.4 3567.50
51. 20 7.62 3 1/4 1 34.70 2.9 878.40
52. 20 7.62 5 1/4 1 22.82 14.63 10220.60
53. 20 7.62 7 1/4 1 15.50 17.4 1367.70
54. 25 7.62 1 1/4 1 442.741 245 456.30
51. 25 7.62 3 1/4 1 4831 4. 677087.800
56. 25 7.62 5 1/4 1 428.20 23.65 1205630
57. 25 7.62 7 1/4 1 152.71 29.78 1365.10
58. 15 7.62 1 1/4 3 26.410 945.7 4153900
59. 15 7.62 3 1/4 3 18.30 924.635 370.810
560. 15 7.62 5 1/4 3 16.20 89.650 4656.10
61. 15 7.62 7 1/4 3 5.14.907862 5565.100
62. 20 7.62 1 1/4 3 18.310 80.783 172.400
63. 20 7.62 3 1/4 3 12478.392435 398130
64. 20 7.62 5 1/4 3 18.20 689.13 533.60
65. 20 7.62 7 1/4 3 145 862 591.00
66. 25 7.62 1 1/4 3 26.21 67.53 1720.10
67. 25 7.62 3 1/4 3 12.4.1 678.17 277.20
68. 25 7.62 5 1/4 3 30.31 67.60 453.80
69. 25 7.62 7 1/4 3 466 727 570.10
70. 15 7.62 1 1/2 1 24.01 67.53 190.20

71. 15 7.62 3 1/2 1 15.21 40.82 446.40
72. 15 7.62 5 1/2 1 18.28 6.94 461.00
73. 15 7.62 7 1/2 1 15.09 2.16 479.00
74. 20 7.62 1 1 1/2 1 20.16 4.96 68.60
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75. 20 31/2 16.14.32 191.00

76. 20 51/2 15.93.68 282.90

77. 20 7.6 1/2 115.19 4.61 352.60

78. 25 7.62_1 1/2 1 17.45 4.24 53.60

79. 25 7.62 3 1/2 1 14.58 4.46 158.20

80. 25 7.62 5 1/2 1 15.94 4.78 238.80

81. 25 7.62 7 1/2 1 15.32 3.98 326.40

82. 15 7.62 1 1/2 3 20.78 4.52 131.90

83. 15 7.62 3 1/2 3 19.96 5.16 274.00

84. 15 7.62 5 1/2 3 15.37 6.12 379.10

85. 15 7.62 7 1/2 3 16.52 5.81 396.20

86. 20 7.62 1 1/2 3 19.40 7.73 97.70

87. 20 7.62 3 1/2 3 20.87 8.96 210.30

88. 20 7.62 5 1/2 3 23.50 12.25 297.40

89. 20 7.62 7 1/2 3 21.45 12.63 349.30

90. 25 7.62 1 1/2 3 - - 95.80

91. 25 7.62 3 1/2 3 - - 207.60

92. 25 7.62 5 1/2 3 - - 276.80

93. 25 7.62 7 1/2 3 - - 342.20

94. 15 8.20 1 0 1 25.33 16.23 400.90

95. 15 8.20 3 0 1 28.13 18.57 841.10

96. 15 8.20 5 0 1 31.02 23.62 1000.40

97. 15 8.20 7 0 1 36.19 34.21 1126.40

98. 20 8.20 1 0 1 29.18 19.40 254.20

99. 20 8.20 3 0 1 21.11 15.33 515.10

100. 20 8.20 5 0 1 46.32 24.36 647.70

101. 20 8.20 7 0 1 42.51 29.71 1037.70

102. 25 8.20 1 0 1 35.21 21.68 381.30

103. 25 8.20 3 0 1 51.61 26.17 635.20

104 25 8.20 5 0 1 49.70 33.90 915.10

105. 25 8.20 7 0 1 53.52 37.03 1157.50

106. 15 8.20 1 0 3 24.16 18.74 290.30

107. 15 8.20 3 0 3 28.11 23.29 460.94

108. 15 8.20 5 0 3 22.20 35.55 708.55

109. 15 8.20 7 0 3 20.89 33.15 922.22

110. 20 8.20 1 0 3 15.82 21.14 210.60

111. 20 8.20 3 0 3 18.88 25.67 380.40

112. 20 8.20 5 0 3 21.33 34.20 572.20

113. 20 8.20 7 0 3 17.15 40.73 737.10

114. 25 8.20 1 0 3 25.03 33.33 240.50

115. 25 8.20 3 0 3 19.25 37.03 415.30

116. 25 8.20 5 0 3 23.04 40.21 660.60

117. 25 8.20 7 0 3 20.01 45.36 805.50

Note: Empty blocks in the table indicate that measurements were not obtained.
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5.2 DISCUSSION

For comparison and discussion, the data from Table 5-1 are plotted in Figures 5-1

through 5-7. There are many factors that influence the reproducibility of the data. In

particular, the thick viscous nature of the discharge material greatly affects how rapidly the
material will discharge. In evaluating the data only general trends are considered.

Figures 5-1 through 5-4 plot the data of the mass percentof clay in the thickened
discharge slurry as a function of applied pressure and cake growth residence time in the

tube. Each figure plots data for the same water pH of 7.62,anid for two inlet slurry

concentrations of 1% and 3% by weight. The figures differ by the aluminum rod diameter

inserted in the center of the tube; 0 inch (i.e. no rod), Ai/ inch, 1/4 inch, and 1/2 inch.
Figure 5-4 shows that the 1/2 inch aluminumvrod significantly hamper the

discharge slurry concentration compared to 0, 1/8/ or 1/4 inch rods as shown in Figures 5-
1 through 5-3. For the 0 and 1/8 inch rods the, data appear to be very similar for the two
inlet slurry concentrations. For the 1/4 inch rod very high concentrations were obtained
for the inlet 3% slurry whereas the concentrations for the 1% slurry were slightly lower
than in Figures 5-1 and 5-2. This latter observation may indicate that there is an optimum
rod size. For the 0 inch rod the increase in residence time seems to improve the mass %
of the discharged slurry. Finally, one would expect the applied pressure to affect the cake

growth but the results are inconclusive.
The affect of pH on the slurry thickening can be observed by comparing the plots

in Figures 5-5 and 5-1. The concentrations of the thickened slurries are in the same range.
Figure 5-5 shows definite trends relating increases in applied pressure and/or increases in
residence time to increases in the discharge concentration.

Perhaps a better measure of the thickening of the slurry is the amount of filtrate
removed. Figure 5-Z6 plots the mass of filtrate that is removed from the slurry by flowing
through the tube walls. The data shown in Figure 5-6 is for no aluminum rod (0 inch
diameter). As expected the mass of filtrate increases with the residence time. Since most
the data can be fitted to a straight line this suggests that the clay particles were not
plugging the pores in the tube wall.

Similar plots to Figure 5-6 can also be made for the rest of the data. When we
take the slope of these lines we get an estimate of the filtrate rate (mass per time). These
filtrate rates are plotted in Figure 5-7 for all of the experiments as a function of the applied
pressure and the rod diameter.

In Figure 5-7 we see that the filtrate rates are best for no rod in the tube and worst
for the 1/2 inch rod. The applied pressure and inlet slurry concentration may have some
effect on the filtrate rate but their influence is not very strong under these experimental
conditions. Comparing the curves for the 0 inch rod and pH of 7.62 to pH of 8.2 indicates
that the slurry with the pH of 7.62 had the best filtrate rates.

The conclusion from this data is that the filtration is best run with no aluminum rod
and with tap water with pH of 7.62. The applied pressures in the range of 15 to 25 psi do
not have a great effect on the thickening of the slurry though some of the data suggests
that increasing the applied pressure and residence time increases the discharge
concentration.. Also the process ran equally well with 1% or 3% slurries.
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The purpose of this project is to prove that the concept of periodic pressure
filtration does work to thicken clay slurries. This is proven by the experimental data which
shows that the slurry can be thickened from I or 3% to an average of about 30% and as
much as 90 % or greater (Figure 5-3) under the best conditions.

Time and resource constraints prevented exploring a wider range of design and
operating conditions. One recommendation for future work is to vary the tube diameters,
tube lengths, and discharge times. Also it is recommended that greater ranges in applied
pressure and residence times be evaluated. Finally, the process should be tested on actual
soils.
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Figure 5-1. Plots of mass % of clay in the thickened discharge slurry as a function of
residence time and applied pressure for inlet slurry concentrations of I and 3 % by mass.
The data is for a slurry of pH of 7.62 and rod diameter of 0 inches (i.e. no rod).
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Figure 5-2. Plots of mass % of clay in the thickened discharge slurry as a function of
residence time and applied pressure for inlet slurry concentrations of 1 and 3 % by mass.
The data is for a slurry of pH of 7.62 and rod diameter of 1/8 inches.
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Figure 5-3. Plots of mass % of clay in the thickened discharge slurry as a function of
residence time and applied pressure for inlet slurry concentrations of 1 and 3 % by mass.
The data is for a slurry of pH of 7.62 and rod diameter of 1/4 inches.
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Figure 5-4. Plots of mass % of clay in the thickened discharge slurry as a function of
residence time and applied pressure for inlet slurry concentrations of 1 and 3 % by mass.
The data is for a slurry of pH of 7.62 and rod diameter of 1/2 inches.
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Figure 5-5. Plots of mass % of clay in the thickened discharge slurry as a function of

residence time and applied pressure for inlet slurry concentrations of I and 3 % by mass.

The data is for a slurry of pH of 8.2 and rod diameter of 0 inches (i.e. no rod).

5-11



Rod diameter = 0 in. 0 15 psi

1 mass% slurry U 20 psi
A 25 psi

1400
E
E1200 pH=7.62

1000

"6 600 0

S400

200

0 i i i 4 I I 7
012345678

Residence time, min

1400

E 1200 pH =8.2
Q:i 1000
-- 800 0

"0 600 -
S400

: 200 "

0 i I I I I I 7
012345678

Residence time, min

Figure 5-6. Plots of mass of filtrate removed from the filtering tube as a function of
residence time and applied pressure for the experiments with 0 rod diameter (no rod), I %
by mass of inlet slurry, and for pH of 7.62 and 8.2.
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Figure 5-7. Plots of mass rate of filtrate from the filtering tube as a function of applied
pressure and rod diameter for inlet slurry concentrations of 1 and 3 % by mass.
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SECTION 6

SCALE-UP AND DESIGN

Scale-up and design of the periodic pressure filtration process goes hand-in-hand
with a cost estimate of the process. The cost estimate made here is to provide an order of
magnitude comparison for selection of thickening equipment. This cost estimate is based
on the materials and equipment cost for the experimental setup described in Section 4.
The costs are only for materials and equipment and do not include operation expenses,
labor or maintenance costs.

Scale-up of the periodic pressure filtration process is linear in the number of tubes.
For example, suppose we want to process one ton of thickened slurry per day by a
continuous operation. Using typical rates from the experimental data one tube would
process

( 40 g thick slurry 'X(60 minute "x(24 hoursX(I pound 25.4 pounds! tube/day
Smute• residence time hour day X 454 g

about 25 pounds of thickened slurry per day. One ton of thickened slurry per day would
therefore require about 80 tubes. For 80 tubes the average filtrate rate would be about 80
times 150 g/minute or about 3 gallons per minute.

If the slurry is pumped through the filter instead of using an applied pressure, then
we can estimate the size and quantity of pumps. The pump power is equal to the flow rate
times the pressure drop. Using the 3 gallons per minute flow rate and a pressure drop of
25 psi, then the pump power required is 0.04 horsepower. As a conservative estimate, to
overcome pipe losses and static head, lets assume a 1/2 horsepower pump.

Now we can make an estimate of the equipment and materials costs. These costs
are summarized in Table 6-1.

Table 6-1. Estimated costs of materials and equipment for processing 1 ton per day of
thickened slurry.

QUANTITY ITEM UNIT PRICE, $ SUB TOTAL, $
80 TUBES 45 3600
160 SOLENOID 160 25600

VALVES
1 PUMP 300 300

NA PIPING/FITTINGS NA 2000

TOTAL 31500
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In Table 6-1 we see that the most significant cost for the process is due to the
solenoid valves. If we had selected 1 minute of residence time for the operation and all
other parameters were the same, each tube would produce 5 times as much thickened
slurry discharge and so only 16 tubes would be required. Following a similar analysis the
total cost would be about $8140, or about 1/4th the cost.

These costs can be compared to the costs of gravity thickeners. Mular 1 suggests
that for a gravity thickener the cost is given by the formula

cost = a(x)b

where a = 147, b = 1.38, x is the tank diameter of the gravity thickener, in feet (in a range
of 10 to 225 ft), and cost is in dollars. Svarovsky (page 179)4 estimates that a thickener
of 4 to 10 square feet is required to thicken one ton per day of copper tailings. For 10
square feet a diameter of about 2 feet is required. Extrapolating the above formula down
to this size gives a cost of about $ 500 in 1980 dollars. To correct this estimate to 1993
dollars we multiply by a factor of 1.1 for a cost of $550. If we try to worst case the
process and assume that the clay would require a 10 feet diameter gravity settler (about
314 square feet) this is equivalent to a cost of about $3500 in 1980 or $3850 in 1993.

This shows that the periodic pressure filtration process is much more expensive
than the typical gravity thickener. This means that the periodic pressure filter should be
used only when the size of a gravity settler would be excessive.
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SECTION 7

CONCLUSIONS AND RECOMMENDATIONS

The most important conclusion from this work is that the periodic pressure
filtration process is much more expensive in terms of materials and equipment than a
typical gravity thickener. Experimental data collected here was needed to determine the
rate at which the process could thicken the clay slurries so that this cost estimate could be
made.

The experiments show that the process does work. Typically, clay slurries can be
thickened from 1 to 3 % by mass to about 30 or 40 %. Within the time and resource
constraints only some of the operating and design parameters were varied. This process
should be considered for thickening a slurry that would require an excessively large
gravity settler. It is recommended that a more extensive investigation be conducted to
evaluate the effects of different tube diameters, tube lengths, and discharge times as well
as exploring wider ranges in residence time and applied pressure.
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